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3 Reprinted from Excerpta Meidica International Cangiess Serjes No. 223
TRACHOMA AND RELATED DISORDERS CAUSED BY CHLAMYDIAL AGENTS
Proceedings of the Symposium, beld in Boston, Mass., 17-20 Augast, 1970

. Evolution of Chlamydia™

EMILID WEISS
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A discussion of the evolution of Chlimfdia lmphcs that we know it great deal about
a large number of these.organisms. :\hhou;,h there are still important gaps in our
know’ ledge, the agent of meningopneumonitis (MN, C. psitfa-) has been studied
systematically in scveral laboratories. ‘The information ‘that we have on its.

. structire, chetical composition, dév clopmentat’ cxcle, enzymatic activity ia an

estracellularas-well as in an intradellular eaviropment, and on it3 interaction with.__
the host cell is far greater than whae-we know of rickettsise, non-cultivablé myco-
bacierid, and swest of the cultivable: p:uhngcns In fact, wé may consider the. AN
agent as the Fkerichic coli of host zhacteria.  Excellent fundamental
work has been done with a numberof otfier cstablished strains of C. péittaci and
C. trachosetis, The least infornaation is availible on.isolates that have not yet
been adapted to vicid farpe harvests in eggs and ool cultures. These are our pfi-
miry concern and a discussion of evelution miist be based on the assumption thar
knowledgc pamstakmglv obtzined with established strains applics to them. As
our work progresses, this assumption imnust bé contincously challenged.

Tke size of the geromee

Sarov and Becker (:9(-9) isolated ihe dco“ rwm:dcxc acid (DNA) of the TE-s§
strain of C. fraclomatis by 2 provedurs which minimizéd sheoring and yieided 2
large number of cyclic forms. Electron miczoscopic measurements and density
gﬁdm determinztions indicated that aa unsheared molecule of DNA contins
about 11 X 10* nuckeotide pairs. A comparison of thi- value with those obtained
by wthers with chlamydiae and other bacteria and with virazes is fllustrated n -
Table 1. Kingsbury {1639) obtained somewhat lower values for two strains of
Cllamydia, but his method was entieely different. ¥t was based on the finding by
Britten and Kohne {1968) that the rate of reassociation between single sttunds of
= Wh:ﬁcﬂe@d\k&tmﬂd% Ih;mmn-ﬂ'tk\aw.&%'ﬁsk
MRozs.of.00-0008BEHL

*= The opinkons of ﬂmymnmmmthuithwhtandmm 10 be construcd =5
anficial e reficcting the vicws of the Departixnt of the Navr of the Naval Service 3t by,
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TABLE 1 ) , 3
Size of bacterial and riral chromsseares ; - -
Organism 15* nucico- Meshod # Beference -

- i tide-pairs

Escherizlia coli ® A 45 AR Caimns ( 1965 3 B
Neigeria catarhalic 23 - Rk Kingsbury {1969) i - 3
N, wrningilidiz 17 - R¥ Kingsbury (1569)
Rickettsia rickettsi 1$ RK Kingsbury {1909} :
Chlangpdia paistaci (MN} 8.5 RK Kingsbury {1959) 3
C. trachomiatis (MRCLG) 6 RX Kingsbury {196q) o
C. tracbomatis (TE-3¢) 11 EM, DG Sarov and Bocker (19693 - 3
Mycoplaswa Somiais 3.5 EM Bodeand Mofowitz{19673
Viccinia virus 2.8 EM, DG Sarov and Becker (1967}

i Becker and Sarov (1968}
Coliphape Tz # 14 AR Cairns (1961} E

: i’éi:.-m virus o.c8 EM Weiland Vidograd (19633 .
* AR = mncmm;:ﬁpb\ BK -~ reassociaion kincrios; EM = ciu-trc:sx mictoscopy; DG = density 7

gradwrne.

& Refenener chramoismes,

.
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bacterial DNA tr*gmmﬂ is inverscly pmpottmml to zhe size of the genome.
Among the bacteria studied, the s prad in size of e DINA is about 8-fold, but
there is no oxcﬂap with the larget viruses. The spnmi among double-stranded
DNA viruses is at Jeast so-fold. The DNA of chiamydiae are among the smaller
bactesial DNA, but siot iecessarily the smallest. The experiments of Bode and
Morowitz (1967} are entirely comparable to those of Sarov and Becker (1969) and

W edngatn 4w

1
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lﬁxfap!ama Lswinis, whick, of course, is capable of mukiplication without the
support of host cells.  Thus, chlamydiae have sutfcient DNA 1o account fur 3
multitude of functions. Their inability 10 grow independently of host cclls can

best be antributed to adapnation to an imracellular eav :mnmcm, rather than to
extensive dc!emms in their genomes.

Fmsctiens reflecting adaptation to intracellndar entironwznt :

Cell wall. Tamura, Manire, and their associares (Tamura and Manire, :9('»?-

Tamura ¢/ al., 1967; Manire and. Tamura, 1963 : Matsumoto and Manire, 1970) -
isolated reticutate bodics of the MN agent, relnively uncontaminated with dense . =
particles (clementary bodies) and werr able 1o carry out a series of studies en cxch .
form. Both types of cells were shown to have trilaminar cell walls, but those of
the reticulate hudm lacked rigidity and were more easily disrupted by sonic
trcatment and trepsin. Tribby (1970) recently obtained good evidence that the

ccll walls of both forms contain pqmdogh-cans, but the reticulate-bodies are Jess
figid bocause the peptidoglveans are not cross-tinked by peptide bridges. Thix

finding in part unvavels the mystery of inc dcvc&qmmnd cvcle. In a suitable
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EVYOLUTION OF CHLAMYDIA 7 §

intracellular environmens, the peptide bridges containing D-alanine are dissolved,
presurmably by the clementary -body, as one of the first steps in reticulate body
formation. For some unanown reason this situation favors greater exchange of
nutrients with the host cell. After chbrmydial cell division is about completed, the
cross-linkages are regenerated and reticulate bodies are converted into clementary

bodies.

Metabalic activity fgf isolated resting eclls. “Technical ditliculties have limited metabelic

studies (Weiss ef o/, 1963, 1968; Weiss, 1965, 1967; Moulder o7 4/, 1965; Vender
and Moulder, 1967; Weiss and Wilson, 1969) almost exciusively to the clemen-
tary body, nixh&mgh the reticulaie body is undoubedly the more active form.
The salient features of the metabolism of innct isolated ciementary bodies,
which are amalogous to the resting cells of other systems, can be summarized-
as follows:

{¢) Among the substrates metabolized are glucose-6-phosphate, 6-phospho-

~ glucomate, pyruvate, glutamate, z-ketoglutarate, aspartate, and isoleucine.

{60 The ratés are one to two ordes of magnitede lower than those of most other
bacteria utilizing the same substrates. -

{c} The reactions in maost, but not all, cases involve onc or a few enzvmes, father
than a series, are anacrobic, and result in the evolution of CO,. The MN
agent iz also able to incorporate carbon from glucose-6-phosshare, aspartare
and isolcucine into lipid, primarily-into the fatty acids of phosphatidyl
ethanelaine and phosphatidyl choline {Weiss and Wilson, 1969; Gaugler
‘et al., 19569).

_{d} There iz no evidence that useful energy is dcm‘ul fromany of thesc1eactions.

" In fact, several of these reactions require exogenous sdenosine triphosphats

(ATP), a rarc if not unique requiremeént for intact microarganisms.

(&) Scvenal reactions require or are greatly stimulated by prridine nucleotides,
again an unusual cvent for intact cells. Electron transport systems appear to
be incomplete. There is no evidence of the presence of functioning cn-
dngcncm cytochromes, but the microorganisms can teduce added cvro-
chrome C in the presence of cither reduced pyridine nucleotides” or a-
combimation of an oxidized p\'ridim: aucleotide plus a substrate that
elicits its reduction (Allen and Bovarnick, s9¢=: I A, Kiesow, persendl
communication).

o

The above-described reactions ca be interpreted as the vestige or more extensive

activities that can ke place either (@) in concert with host celi cons.ituenis or
{7 in retisnlate bovics and ave reprossed in elementary bodies.  Evidence for the
first possibility is of a negative nature. If the chlamydial ocll takes advantage of
whis it finds in the host cell, it must retain strictly procasvotic activities and at
least twe of the above-described reactions are prmtln'mic. Aspartic adid is
metabolized via du'nmapxmdn, acid to ivsine Moulder ¢/ o/ 19531 Weise :nd
Wilson, :969). Makinoes 2l \!9 o} hunve shown that chlamyvdial cel's have branchied
fatty acids not encountered in avian or mammalian cells, and lipid synthesis may
preterentially involve these compsunds. On the pusitive side, the chlamydial il
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EMILIO WEISS

may weil depend on the hast celi for 3 nunber of energy-rich intermediazes and
for the reoxidation of reduced pyridine nucleotides. The second possibility,
namely that reticulate bodies are metabolically more active than elementary bodies,
is-supported by the experiments of Tamura and Manire (1968) who showed that
the cvicchrome C reducase activity of réticulate bodies was far greater than that
of the clementary bodies 2nd that this was in part due to greater permenbility:

Most of these experiments were done with the MN agent, bur many were
repeated with stmains of C. frachomatis. Quaiitative dificrences in metabolic
patterns have not been encountered.

Interaction with the best edl. The chlamydial ccli has no active mechanism of pene-
tration and this is.not surpnsmu. since it is not capable of generwting ATP. To
gain entrance into a host cell, it must depend on the plsgocytic activity of the hosg
(Friis, 5971). As as resuly, it if “aken up in 2 vacuole and the developmental cycie
zkes place there.  How the chlamydial cell avoids the release or action of Jysos
sumal enzymes is not known. .\lthnuwh it 1s fiot unusaal for a microorganism to
achieve an intracellular location by plagocytosis, other meckanisms have been
described. Rickeutsiac, for example, scrively penetrate into host cells, since pene-
trations closely patatiels their ability o oxidize gluzimate and 10 produce ATP
(Cohn ¢f af., 1959; Bovamick and Schoeider, 1960). By this méthod they gain
accéss into the cyroplasm of the cell and are not enclosed in a vacuole (Andetson
et al., 1965).

The chemical cents that accompany the intrzcellular developmental cvcle of
chlamydiac have been clucidated in Moukies’s ibosatery. A major tool was the
inhibitor, cycloheximide, which prevents proteinand DNA syntheses of cucarvoric
but not of procarvotic nells. By the use of this tool Aieumkf{:g&s 1966) showed
that chlamydiac svnthesize their own DNA and protein. Lin {3968) showed that
as chlamydise begin their syntheses they inhibit host thymidise kinase activity.
Fiost DNA wmhcsk declines and reduction in protein and RNA svatheses foliow.
Maulder (1970} has shown that glucose metabolism proceeds at the same 7ate
multiplying :md mm-mulup!um., L . ds, and that execpt for a rise i acrebic
glveolysis, the catabalism is not greatdy affected by infection with the MN agent.
The above-described findings provide cvidence for Moulder's h_.puzhcsﬁ that
the energy of the hast is divertéd from production of its own protcin and DXA
to that of the chizmydial ceils.

The three charustéristics of chlamydiae, inability to generate its «wn ATP,
inhibition of kost DNA svnthesis, and dependerce on cnergy that becomes
available as a quucncc of this inhibition, represent an exquisite ad:lpmuun o
an intraccliular environment. Foz instance, if chlamydiae preducal significant
amounts of ATP; the rates of svatheses could quickly exceed the apacity of the
host ccil and the invaceliular eavironment could be destroved. It host DNA
synthesis were rot inhibited, competition with the host ccll for essential meta-
bolites would stifie chlamydial mztabolismn.

O course, this ic not the only successful combination of 'mvpemcs for intra-
celivlar growth, but in any case the host cell must not be destroved ton quickly.
Rickettsiac generate some of their own ATP, but do not pmmtureiy exhaust the
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host’s nutriznes because they multiply - lowly, with a mean doubling time of
& hours or jonger. It was <1‘u\\n by Dzsmncr ..vd Wilson (5562} that a virulent
strain of Brucclia ahoriuz ovidizes g g.,luunme at about half the e of an aviruleat
strain. This is possibly related 1o the finding by Freemun e o/, (1964) thar aviru-
lent brucellac cannot be cultivated in guinea pig monocytes, not because they do
not have the ability to grow in theas, but because they destroy themi oo rapidiy.

i ariation in metabolic activity amon? steains of lhlasydia. The numerous observations
made on strains other than MN and a few other established agents have not
provided evidence that there are major exceptions to the metabolic pattern just
outlined. The criteria used to separate C. tracbonratis fzom C. psittaci (Page, 1968)
indicate that some impornant differences do exist, but cach one involves a relatively
smail series of enzymes. The morphology of the-inclusion is difficalt 1 evaluate
in biochemical terms, unless the compact inclusion of C. trachematis is duc 1o the
deposition: of glycogen. For a microorganism that has an active glucose metabo-
lism, the ability - or lack of it - to synthesize, store, and dcgmdc glvcogen re-
presents a differerce of a few: enzymes. Sulfadiuzine-susce pnb!e strains synthesize
folic acid from simple components. Those which are resistant convers dietary
folic acid to théir own specific form of the viramin (Colon; 1962). D-cycloserine
inhibits two enzymes involved in alanine metabolism leading to the formation of
the peptidz bridgzs of the ccll wall. Differences in -uiccpubﬁm' to this inhibite.
between the two species of Chlamydia are 3 matter of degree and are-best inscr-
preted as being due to different athnities of the enzvmes for alanine and D-
crcloserine (Moulder ¢f /., 1965). It can be toncluded that the study of metabo-
lism emphasizes the characteristics that chlamydiae have in common, sather than
those which separate them. -

DN A betervgencity amuzg straivs of Chlamydia
The base comprizition of the DN\ of stmins of Chlamydia was studied in several
laboratories (Mouider, 1966; Kingsbury and Weiss, 1658; Gerloff ¢ 4/, 1970).
There appears to be a small but significant difference between the base com-
positions of C. peittaci and C. trachomatis. In one s?ud\' (Weiss ¢2 al., 1972) the
molar percentzges of guanine plus cytosine (%, G + C) were 19 and 42, respec-
tively. Itis likely, as suggesied by Gedotf e al. (:9*{;} that intermediate values will
be found as the inv estigations arc extended to a larzer number of strains.

The difference in basc ratios between the two species is reflested i the results
obtained in D:7A reassociation experiments {Kingsbury and Weiss, 1968: Weiss
¢t al., 1970). The single-stranded DNA of one species was immobilized on
membrane filters and incubated with DNA nagmn ‘labeled with ca:imn—:.;
derived from another species. The degtree of reassociation cecurring in moder-
ately bizh salt concentration {o.G M i) and at a tempcerature of 67°C was
mm*tamd to the reaction ncmmns, r with homologous fragmients of labeled DNA.
(Thc term ‘reassociation” rfers to heterologous as well as homolngous duplex
fnmﬁnm) The combination of salt concenteation and temperature used in these
investigaticas can be called “semi-restrictive’ or not reuiring a high degree of ho-
mogencity betwcen DN strands. It was a surprise, therefore, that DN reassoci-
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TABLE 11

Similarity among the DNy of bpman isolates of . trachomatis #

Per cent
Isvlate Per cent reassociatior
G +C withMRCi.G

MRC-1/G 4.2 {100;
TW-3 dz.1 9%
Lav (JH) 427 97
Th-ss 97
Cai 1 96

* From Kingshury and Weiss, 190%; \\ex« 22, tyTe.

ation between C. puittac and C. fraclzniatis was only 10°, of the bomulogous
reaction. This small aciount of reassociated DNA was dissoived at selariv d\ Tow
temperatures, indicating that there were ireqguent gaps in its base pairing.

Exactly the opposite resvlts were obinained when eassociation expetiments
were carried out bt:t\\un twe strins of C psittaci or between any two of the five
human isolates of . frachomatis listed in ‘Table . The degree of reassoriation
amounted 10 95-97%, and the reassocizied DNA were about as thermostabic - ;
as extensiveiy paired ~ as those obtained with two single strands of the same
organism. Companble ievels of reassociation were obtained earlier between
C. psittaci strain: by Gerlott of al. (1966},

The degree of homogeneity within a species s tested, however, by comparing
a prototype strain with one which fulfils the criteria for inclusion in the species,
but is otherwise quite dissimilar. The agent of mouse pmumﬁnitit (MoPn} plavs
such a role in the specics C. frackomatis. 1 was shown (Weiss of a/.. 197
more closely related o C. trackonzatis than 1o C. psictaci Like other straius of
C. rtractomatis, MoPn has a base natio of 42¢, G ~ C and reassocciate: with
C. peittaii to the extent of 1:%,. However, the degree of reassociation v ith the
MRC-G strain is 6 "., under semi-restrictive conditions (67°C) and 29°;, under
highly restrictive conditions (75°C).  The thermostability of the MRC-1 5-MoPn
dupk’\ is low. While the homologous dupleses or those formied beaveen the
two humansiains of C. fracksmatis scparate ar the temperaiure of ' denturation of
native DN\, the midpoint of separation of the MRC-1 'G-MoPn dur.exes is about
11 to 13°C lower - an unusually low thermostabilivy for two sirains able to re-
associate to an appreciable extent. Thus, these studies have dermonstrated that
there is a.certain amount of similarity between polvnucleotide sequences of the
iwo DNA, but have failed to show identity in any part of their genomes.

The results obtamed with C lamydia have their parallel in other bacteria. For
cxample, Kingsbury-(1967) has shown that the dc;.rct of similarity in poly-
nucleotide sequence of the DNA of 10 strains of Neiseric moi :::I‘dz: is of the
order of g3-1c0°,. These straing are all potential humen pathogens, but differ
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EVOLLTION OF CHLAMYDIA g

greatly in antigenic specificity. On the other hand, we have shown more recently
{Weiss et al., 1971) that strains of N, factawicus, which are isolated from man
but are not associated with disease, have a much lower level of similarity to V.
aeningitidis or to each other in { “lynurleotide sequence. If these two examples
have general significance, we may surmise that human pathogens are classified
more nantowly than other microorganisms.

CONCLUSIONS
There are essentially three zacthods by whith we can judge evolution in 4 group
of microorganisms. The first one ~ discussed extensively in other papers - is
antigenic 'nx:!!\'cls, whicl deteets the most i Late ditfaences. It applied 1o intact
cells it empiesizes clianges in surtace structuses that nsght have emerged as the
result of the selective pressures of satibodics. Probably, i aise emphasizes the
mere recent changes. From the practical point of view of strain identification,
*pidm)icfm_ica% investigation, or vaccine proguciiun, 1t is the most useiul method.

The secony is the s.ud\' of the DNA. This methad is not sufliciently sensitive
to detect genctic chnng_c affecting antigenic structure, degrees of virulence for
wan or saimals, smooth to rough variation, and other z.h:maeﬁ that involve less
than §“, of .ic genome., It is best adapted 10 serve as a guide to define the specics.
In this roie it also servos a verv useful purposz. In the case of C. rrackomsiis,
studies arried out thus far sepgest thai genetic differences among the human
pathogens 2 . relatively small. In attempts to understand the variegated aspects
of human diseasc caused by C. trachometis it encourages usto pay moreattentionto
host and environmental factors. Of course, this is a highly biased view derived
from a study witi- a few strains well adapted to vield hmc harvests in the labo-
ratory. It mast be tested against the strains that have been more directly asso-
ciated with discase.

The MoPn agent is perhaps 1 good example of the many strains that can be

_isolated from healthy aniraais ﬂxmpl\ by passing suspensions from organs from
" animal to animal in <erics, “The art - 7 DN reassociation has pot advanced to the

point that it can analyze the relatedness of two DN.A that reassociate extensively,
but form duplexes tlat are emirely thermolabile.  Thereture, whar follows is
sat’rely speculative. The differences between the MoPa and the human strains of
C. trachsmaltis might weli be the result of geuctic "drift’, or residence in different
hosts for a2 suthiciently long time te allow the emergence of numerous point

“mutations. Somc of these mutations mav not have atfected the funciion of the

gencs involved, since the triples code allows a certain amount of variation. Others
may have produced minor changes affecting the interaction of the microorganism
with the host cell that are not casily detected in the kaboratory. The survival of
many of these changes may not have been due as much to selective advantage as
to the state of isolation of these strains in certain hosts. The time required for the
establishment of this diverging cvolution was determined primarily by iwo factors.
One is the extent of growtn of the microsrganisms in the new host, which might
not have been the same during the entire course of this evolution. The second is
the ratio sf lethal to total mutations, which might nat be the same in the intra-
ccllular and extracellular environments. In any case, it is 3 good assumption that
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TABLE 111
Hy, j‘oll&: tical m[u in the erolution of Chlamyvdia

Step  Function sclected - Sclective advantage

“t Survival after phagocyvitosis  Entrance into host ecll

2 Loss of cross-linkzges Greater interaciion with
of cell wall host cedl

3 Ishibition o7 host GNA Less competition with
synthusis host ¢l requirements

4 Loss of ATP svnthesis, Rate of growth adjusted
dependence on host energy o eavironment

s Reforniation of cross- Greowr stability in
linkages of cell wail exaccliular envivonmens

the common ancestor of agents suck: as MoPr and the human sirains of C. raclo-
: siaris is relatively remote.
Thie difference it DNA berween C. trachomatis and C. psittaci is so grear that it
is difficult to see any evolutionary relationship berween the two epccus We
cannet ignore, ho:s.e\'er, the third and best established method of anaiyzing
evolutionary history, namely the study of structure and function. This method
is best adapted to the definition of the genus. The similarity of all hlamydiae in
morphology and in mechanisms by which they have beconme adapted 1o an intra-
cellular environment is striking. This is particularly obvious when they are
_compared o such obligate or facultative intracellular bacteria as ricketisiae, myco-
- bacteria, or brucellac. The common ancestor of C. frachoniatis and C. psitiei must
“be quite remote, however, to account for their difference in polynuclentide

sequence. The two species rerained their similarive possibly because the appear-

[l

second c!uri,c, and so on in succession. Thus, two related but nor necessarily
2 - identical microorganisms undergoing an initial similar mutation continued to
acquire similar functions, while genotypically they *drifted” further apart. An
example of such a series of changes - whic.i is highly speculative - is illustrated in
Table 115, Successtul entrance into a host cell b\- phagocytosis favors the mutants
that can dissolve the cross-linkages of the ccll wall and interact more freely with
- the host cell. Selective inhibition of host coll synthesis is the next step to give such
an organism dan overwhelming advantage. Loss of ability to produce its own
ATP and dqwcndenco_ on cnerm' derived from the host is further insurance that
the micro-cavironment wil! notbe destroved too rapidly. The ability to reform
the cross-linkages is a necessary function to protect the microorganisiy in its
journey from cell to cell and from host to host.
. The above presentation of the biology and evoluton of Colamydia is perhaps
= an oversimplification. Exvericnce teaches us, however, that as we comie cleser to
the understanding of a phenomenon, the explanations become simpler.
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